Objectives: The aims of this study were to quantify the relationship between computed tomography (CT) size, volume, density, and roundness of lung adenocarcinomas (ACs) manifesting as pure ground-glass nodules (pGGNs) on CT images and to correlate these parameters with histologic features of invasiveness.
Introduction
Approximately 20% of lung adenocarcinomas (ACs) manifest as pure ground-glass nodules (pGGNs) on computed tomography (CT). 1 Currently, the CT-measured size of these pGGNs is the key morphological parameter used to direct the clinical management of these nodules. 2, 3 Additional CT parameters, such as density and roundness, have recently received attention. 4, 5 Indeed, recent studies on ACs manifesting as pGGNs on CT images have compared size, volume, density, or roundness of pGGNs according to their classification into either AC in situ (AIS), minimally invasive AC (MIA), or invasive AC (IAC). [6] [7] [8] No previous study, however, has compared CT size, volume, density, and roundness with the number and size of histologically invasive foci in an integrated manner.
Such an integrated analysis of CT volume, size, density, and roundness may improve our understanding for evaluating these lesions in clinical practice, notably with regard to risk assessment. Considering the range of number and size of invasive foci that can be encountered in MIA progressing toward IAC-type lesions, such an integrated analysis may also reflect the natural history of these early ACs more closely. Therefore, the purpose of our study was to perform an integrated analysis of CT volume, size, density, and roundness of ACs manifesting as pGGNs and to compare these parameters with the continuum of number and size of histologically invasive foci.
Materials and Methods

Study Material
The study protocol was approved by our institutional review board with informed consent waived (protocol 15-020). Using our hospital electronic medical record system, we searched for all patients with a pathologic diagnosis of primary lung AC who underwent surgical resection at our institution from January 2005 to March 2015.
The search resulted in 607 resected ACs, which were matched to our hospital's database to identify those ACs with preresection CT scans available in the picture archiving and communication system. The detailed selection algorithm is summarized in Supplementary  Figure 1 .
Preresection CT images were available for 534 of the 607 resected ACs (88.0%). The CTs of all 534 ACs were reviewed by two thoracic radiologists (A. A. B. and B. H. H., with 20 and 2 years of experience, respectively) for adherence to inclusion and exclusion criteria. The inclusion criteria were (1) pathologically verified primary lung AC, (2) available preresection CT images, and (c) AC manifesting as pGGN on CT images. 2, 9, 10 The exclusion criteria were (1) histologic diagnosis other than AC (e.g., atypical adenomatous hyperplasia or metastasis), (2) no preresection CT images available, (3) AC manifesting as a solid or part-solid nodule on CT images, and (4) pathologically described lesion not identifiable on CT images.
This radiologic consensus review resulted in 64 of 534 ACs (11.2%) manifesting as pGGNs on CT images. Glass slides from these surgical resection specimens were subsequently re-reviewed by a subspecialtytrained thoracic pathologist (P.V.L.) and a senior pathology resident (K.R.A.) for inclusion and exclusion criteria. This pathologic consensus reading determined that one of 64 nodules (1.6%) was an adenomatous hyperplasia, and it was therefore excluded. The remaining 63 of 64 ACs (98.4%) constituted the core material for this study.
The group of nodules included in this study is part of a radiologic-pathologic data repository. Subsets of nodules from this repository have been used in other studies (Heidinger BH, Nemec U, Anderson, KR, et al., unpublished data, 2017; Nemec U, Heidinger BH, Anderson KR, et al, unpublished data, 2017).
11-12
Nodules and Patients
The 63 included pGGNs were detected in 58 patients. Five of the 58 patients (9%) had more than one resected pGGN, but no patient had more than two resected nodules. For cases with two pGGNs resected from the same patient, pathologic evaluation confirmed the radiologic impression of synchronous primary ACs. 13 Mean patient age was 68 plus or minus10 years (range 45-86). Of the 58 patients, 39 (67%) were women (mean age 67 ± 9 years, range 45-84 years), and 19 (33%) were men (mean age 69 ± 10 years, range 49-86 years). Although women were significantly more numerous than men (p ¼ 0.009), age did not differ between women and men (p ¼ 0.440). Most patients (46 of 58 [79%]) self-reported being white, 6 of 58 (10%) reported being Asian, and 4 of 58 (7%) reported being African American. Two of 58 patients (3%) did not self-report 
CT Acquisition
Given that the CT data were acquired over our entire hospital network, various CT scanner units and acquisition protocols were used. However, all CT units were considered state-of-the-art at the time of acquisition. The most frequently used CT units were the Aquilion One All CT examinations were performed over the entire thorax, at full suspended inspiration, and with the patient in supine body position. Examinations before April 2007 were performed with fixed milliampere-seconds (range 130-340) and 120 kVp. After April 2007, the examinations were performed using automated exposure control and other dose reduction algorithms. Images were reconstructed with a section thickness of 0.625 to 1.5 mm using standard reconstruction kernels in lung window settings (mean À500 Hounsfield units, width 1500 Hounsfield units). Only images reconstructed in the transverse plane were used in this study. In the CT examinations performed for staging purposes (n ¼ 21 [36%]), intravenous contrast material was administered. In the remaining 37 examinations (64%), no contrast material was administered.
Nodule Assessment
CT Assessment. The diameters of all ACs manifesting as pGGN were measured independently by two observers (A.A.B. and B.H.H.). Measurements were performed in the lung window setting on the transverse CT section that displayed the largest nodule dimensions. The longaxis diameter was measured first, after which the short-axis was measured orthogonally to the long-axis. This resulted in two independently measured sets of 63 nodular diameters.
To assess intraobserver variability, an additional set of measurements was obtained by the second observer (B.H.H.) using the approach already described. The observer was blinded to the results from the first set of measurements. To avoid recall bias, this second set of measurements was performed 8 weeks after the first reading.
The long-and short-axis CT diameters of each nodule measurement and each reading session were entered into a computer spreadsheet. Nodule diameters were rounded to the closest millimeter. On the basis of longand short-axis diameter, the average CT diameter was calculated and used to reflect the CT diameter. 2 Nodule volume and density of each AC were measured by one observer (U.N.) with 5 years of experience) with Osirix software (version 8.0.1 [Pixmeo SARL, Bernex, Switzerland]). A region of interest was drawn around the nodules, excluding vessels, on each transverse CT section displaying the nodule in the lung window setting. On the basis of the sum of these regions of interest, nodule volume, mean nodule density, and the SD of nodule density were computed automatically.
Pathologic Assessment. Surgically resected lung nodules were inflated with formalin for fixation before (D) shows pure ground-glass nodule (arrow) in the left upper lobe. The nodule is well defined and of uniform attenuation. Low-power histologic image (E) taken from the periphery of the tumor, shows a lepidic pattern of growth (HE stain; original magnification, Â20). Higher-power histologic image (F) from the central area of the tumor, showing the interface (dotted line) of the noninvasive lepidic pattern of growth with mildly thickened intraalveolar septa (lower left) and the invasive component with solid and acinar growth patterns with appreciable desmoplastic stromal response (upper right). The overall tumor size was less than 30 mm and the invasive focus less than 5 mm, which is consistent with a minimally invasive adenocarcinoma (HE stain; original magnification, Â100). (G-H) Invasive adenocarcinoma of the lung in a 64-year-old woman. Transverse CT image (G) shows pure ground-glass nodule (arrow) in the left upper lobe. The nodule is well defined and of uniform attenuation. Low-power histologic image (H) shows a tumor with extensive parenchymal scarring and an associated chronic inflammatory infiltrate (HE stain; original magnification, Â20). Higher-power histologic image (I) demonstrates an acinar growth pattern characterized by irregularly shaped glands infiltrating a fibrous stroma with loss of normal alveolar architecture. Despite the small size of the tumor, because acinar was the dominant growth pattern with the largest focus measuring greater than 5 mm, this tumor is best characterized as an invasive lung adenocarcinoma, nonmucinous, acinar pattern predominant (HE stain; original magnification, Â200).
sectioning and tissue processing for histologic evaluation according to standard pathology department protocols. The gross pathologic measurements of the resected nodule were recorded by the grossing pathology resident in three dimensions after formalin fixation and serial sectioning of the specimen. The histologic slides for all 63 cases were retrieved and re-reviewed (P.V.L. and K.A.) to classify the tumor according to current 2015 WHO definitions (AIS, MIA, or IAC) and uniformly assess the histologic growth pattern (lepidic, acinar, papillary, micropapillary, or solid pattern), with tabulation of their respective proportions at 5% intervals.
14 For each AC with an invasive component, the number and size of invasive foci were recorded. The size of invasive focus was defined as the long-axis diameter in agreement with current pathologic guidelines. 15 In the case of multiple invasive foci, the long-axis diameter of the largest focus was used. 16, 17 Discrepancies between the two pathologists were resolved by consensus.
Statistical Analysis
Statistical analyses were performed with Stata software (version 14.1 [StataCorp LP, College Station, TX]). Distributions were tested for normality by using Shapiro-Wilk tests. Normally distributed data were expressed as the mean plus or minus SD. Nonnormally distributed data were expressed as the median and [25%-75% quartiles]. The level for statistical significance was set at a p value of 0.05 or less.
Histopathologic Assessment. We calculated the distribution of AIS, MIA, and IACs of the 63 pGGNs in this study. The distributions were compared between women and men by using a chi-square test. Then, we calculated the medians of size and number of invasive foci. To test the strength of the relationship between patient age and size of the invasive focus and that between patient age and number of invasive foci, we calculated Spearman rank correlation coefficients.
CT Assessment. First, we tabulated the medians of CT measurements, namely, diameter, volume, mean density, and SD for AIS, MIAs, and IACs, respectively. Differences in CT measurements among AIS, MIAs, and IACs were assessed for statistical significance by using KruskalWallis tests, with individual differences additionally assessed with Conover-Iman tests. 16 Second, we evaluated the roundness of each individual pGGN. Roundness was defined as the quotient of long-axis CT diameter divided by short-axis CT diameter. The quotient for ideal roundness was 1 and a quotient greater than 1 indicated nonroundness. For example, a perfectly round nodule with long-and short-axis diameters of 10 mm would have a roundness of 1 (10 mm/10 mm ¼ 1), whereas a nodule with a long-axis diameter twice as long as the short-axis diameter would have a quotient of 2 (for example, 20 mm/10 mm ¼ 2). pGGN roundness was compared among AIS, MIAs, and IACs by using a Kruskal-Wallis test. Third, we compared the distributions of CT measurements between women and men with a Wilcoxon rank sum test. Fourth, we tested the strength of the relationship between patient age and CT measurements by calculating the Spearman rank correlation coefficients.
Relationship of CT Measurements and Histopathologic Assessment. Using the same approach as described earlier, we first tested the strength of the relationships between CT measurements and histopathologic parameters, namely, size of the largest invasive focus, number of invasive foci, and proportion of lepidic growth pattern. Second, we computed the differences between the correlation coefficients calculated on the basis of diameter, volume, and density with respect to the size of the largest invasive focus, number of invasive foci, and proportion of lepidic growth pattern. Those differences were then tested for statistical significance by using Fisher's z transformation. 17 Finally, for the minimum and maximum differences, we calculated the sample size required to reach statistical significance.
Comparison between CT Diameter and Pathologic Diameter. Differences between CT and pathologic diameters were displayed as Bland-Altman plots. 18 Differences were also assessed for statistical significance with a Wilcoxon signed rank test. The strength of the relationship between diameters was quantified with the intraclass correlation coefficient (ICC).
Observer Variability. Interobserver variability of the CT diameter measurements was visualized with BlandAltman plots. The difference between the two measurements was also assessed for statistical significance by using a Wilcoxon signed rank test. The strength of the relationship between the two sets of measurements was quantified by using the ICC. Intraobserver variability was assessed by using the same approach as described earlier.
Results
Histopathologic Assessment
Of the 63 resected pGGNs, 28 (44%) were classified as AIS, 25 (40%) as MIAs, and 10 (16%) as IACs. Representative examples of AIS, MIA, and IAC including CT and pathologic images are shown in Figure 1 .
The distribution of AIS, MIAs, and IACs did not differ significantly between women and men (p ¼ 0.888). For women, 19 of 42 nodules (45%) were AIS, 17 of 42 (41%) were MIAs, and six of 42 (14%) were IACs. For men, nine of 21 nodules (43%) were AIS, eight of 21 (38%) were MIAs, and four of 21 (19%) were IACs. In MIAs, the median size of the largest invasive focus was 2 mm, compared with the median overall invasive size of 10.5 mm for IACs. In MIAs, most harbored only a single invasive focus, with only a few harboring two or three foci. The relationships between patient age and size of the largest invasive focus (r ¼
CT Assessment
Given the strong relationship and small absolute differences between the CT diameters measured by the two observers (see later in the section Observer Variability), the average of the diameters measured by the two observers was calculated and used for all subsequent analyses. The CT diameters of individual nodules for AIS, MIAs, and IACs are plotted in Figure 2 . With regard to the 35 MIAs and IACs, no nodule was smaller than 6 mm on CT images. One of 35 nodules (3%) was 8 mm. Five of 35 nodules (14%) were between 8 and 10 mm, and 23 of 35 nodules (66%) were between 10 and 20 mm.
Results of the CT measurements are summarized in 
Relationship of CT Measurements and Histopathologic Assessment
Nodule Diameter. The relationship between CT diameter and size of the largest invasive focus was weak but statistically significant (r ¼ 0.417, p < 0.001). Likewise, the relationship between CT diameter and number of invasive foci (r ¼ 0.366, p ¼ 0.003) was weak but statistically significant. Finally, the relationship between CT diameter and the proportion of lepidic growth pattern was weak but statistically significant (r ¼ -0.365, P ¼ 0.003).
The relationship between nodule roundness and size of the largest invasive focus was very weak and not statistically significant (r ¼ 0.059, p ¼ 0.648), as were the relationship between roundness and number of invasive foci (r ¼ -0.030, p ¼ 0.831) and that between roundness and the proportion of lepidic growth pattern (r ¼ -0.057, p ¼ 0.656).
Nodule Volume. The relationship between nodule volume and size of the largest invasive focus was weak but statistically significant (r ¼ 0.401, p ¼ 0.001). Similarly, the relationship between nodule volume and number of invasive foci was weak but statistically significant (r ¼ 0.350, p ¼ 0.005). Finally, the relationship between volume and proportion of lepidic growth pattern was also weak but statistically significant (r ¼ -0.364, p ¼ 0.003). The smallest difference between two correlation coefficients was 0.001. For this difference to reach statistical significance (p < 0.05), a sample size of 400,000 pGGNs would have been required. The largest difference between two correlation coefficients was 0.180. For 
Comparison between CT Diameter and Pathologic Diameter
The Bland-Altman plot of the diameters as measured on CT images and by pathologic examination is shown in Figure 3 . As shown in Supplementary 
Observer Variability
Interobserver variability of the CT diameter measurements is shown in Supplementary Figure 2A 
Discussion
Our study shows that in ACs manifesting as pGGN on CT images, nodule size correlates both with size and number of histologically proven invasive foci. Our study further shows that invasive foci can be found in pGGNs smaller than 10 mm, suggesting that the malignant potential of pGGNs smaller than 10 mm should not be lightly discarded. Moreover, our study shows that measuring volume and density of pGGNs provides no advantage over two-dimensional measurements in predicting size and number of invasive foci. These findings are novel in that to the best of our knowledge, no previous study has compared two-dimensional size measurements with volume measurements, density measurements, and roundness, to correlate the number and size of histologically invasive foci in lung ACs manifesting as pGGNs on CT images. This information is important because it helps to determine the most appropriate approach to risk assessment of those lesions on CT images. Our study also incrementally adds to available evidence in showing that measuring the volume and density of pGGNs provides no advantage over two-dimensional size measurements in the risk assessment of pGGNs.
Our study cohort exclusively included 63 ACs manifesting as pGGNs on CT. This sample size is comparable to those of previous studies, [6] [7] [8] 19 all of which also included ACs manifesting as pGGNs. Our study, however, is the only currently available investigation that, in addition to assessing histologic subcategories of ACs, also assessed size and number of histologically invasive foci; in contrast, previous studies assessed histologic subcategories only. [6] [7] [8] 19 Our study also included assessment of the percentage of lepidic growth pattern, which was not performed in previous studies. Finally, our study provides an integrated assessment of CT volume, size, density, and roundness of pGGNs, whereas previous studies did not assess all these parameters in a combined manner. Thus, our study incrementally adds to previous evidence in that it provides an integral and potentially more nuanced approach to the work-up of ACs manifesting as pGGNs on CT.
In our study, increasingly larger ACs manifesting as pGGNs were more likely to harbor invasive components. In addition, increasingly larger pGGNs were also more likely to harbor multiple invasive foci. The same relationships were seen between CT volume and size of the invasive focus and between volume and number of invasive foci. It is of note that the relationship of CT size with size and number of invasive foci was stronger than that of volume with size and number of invasive foci. This could suggest that the two-dimensional measurements of pGGN size are sufficient for clinical risk assessment of these lesions, without the need for a more sophisticated technical approach. Moreover, pGGN density was weakly and nonsignificantly related to both the size and number of invasive foci, again suggesting that measuring pGGN size is sufficient for risk assessment of pGGNs.
Simultaneously, our study showed a statistically significant negative relationship between the CT size and the proportion of a lepidic growth pattern. Volume and the proportion of lepidic growth pattern also showed a negative and statistically significant relationship. Both the CT size and volume were more strongly correlated with proportion of lepidic growth pattern than with density. This confirms the observation that two-dimensional measurement of CT size appears sufficient for clinical risk assessment of pGGNs and justifies its use as a key CT parameter in current management guidelines.
Despite the strong relationship between CT size of pGGNs and both the size and number of invasive foci, our study also showed that invasion can be present in small pGGNs. Indeed, 17% of our pGGNs with invasive foci (six of 35) were between 8 mm and 10 mm in size.
The pGGNs included in our study were a heterogeneous mixture of histologically proven AIS (44%), MIA (40%), and IAC (16%). This is consistent with the distribution seen in previous studies, in which the distribution ranged from 16% to 70% for AIS, from 16% to 40% for MIA, and from 14% to 48% for IAC. [6] [7] [8] [19] [20] [21] [22] [23] This shows that no overrepresentation of a given histologic subtype was present in our study.
As expected, our study confirmed that IACs tend to be larger in both size and volume than MIAs, which in turn were significantly larger than AISs. The size and volume difference between IACs and MIAs was not statically significant, but the absolute difference was substantial. On the one hand, our findings confirm previous results showing differences between subgroups of ACs manifesting as pGGNs on CT images. [6] [7] [8] 19, [22] [23] [24] [25] On the other hand, those previous studies had pooled either AIS and MIAs 6, 24, 25 or MIAs and IACs. 7, 22, 23 Therefore, our study adds to previous knowledge by providing comprehensive comparative size and volume assessment of all AC histologic subcategories.
Our findings also showed that pGGN density did not differ between the different histologic subcategories. This is in line with previous reports showing no difference in nodule density between histologic subcategories of ACs manifesting as pGGNs on CT images. 7, 8 A previous study by Lim et al. suggested that "density" of a GGN is important for predicting invasiveness 6 ; however, rather than investigating density in an isolated manner, such as in our study, this previous study investigated it as a compound parameter of nodule mass, reflecting the combination of density and volume. It is of note, however, that our pGGNs were of similar 6, 26 or lower density 7, 8 compared with in previous reports.
The average CT diameters of the pGGNs were larger than average diameters measured on the basis of pathologic examinations. This discrepancy can be reconciled when considering that CT examination results are acquired in vivo during full inspiration, with alveoli distended and filled with air, whereas the pathologic examination of a resected lung specimen demonstrates some degree of atelectasis and alveolar collapse caused by the unopposed elastic recoil of the lung parenchyma in the absence of the negative pleural pressures imparted by the chest cavity. These factors would be more likely to affect the pathologic size measurements of resected lung ACs with a high proportion of lepidic growth pattern that preserves normal lung architecture and lacks the desmoplastic/ fibrotic stromal response associated with significant invasion; predominantly lepidic pattern ACs are precisely the type of tumor likely to present as a pGGN on CT images. In addition, formalin fixation of tissue has been shown to decrease lesion size. 27 Thus, our findings are in line with a previous observation showing that the ground-glass component of part-solid nodules was systematically larger on CT images than on pathologic examination. 21 From a practical perspective, our findings also emphasize the importance of a multidisciplinary pathologic-radiologic approach when assessing pGGNs in clinical practice. 15, 28 With ICCs of 0.98 and 0.99, respectively, both interobserver and intraobserver variability for the CT size measurements of our pGGNs was good. Using slightly different approaches to size measurements in pGGNs and part-solid nodules, previous studies found ICCs comparable to those in our study. 21, 29 However, the 95% CI of the Bland-Altman plots in previous studies were similar to 30 or slightly larger than that found in our study. 21, 29, 31 This can be explained by the inclusion of different nodule subsets, by the inclusion of more readers, and by different technical approaches to nodule measurements in these previous studies. 21, 29, 31, 32 Overall, the absolute magnitude of the 95% CIs was relatively small in both our own and previous studies. 21, 29, 31, 32 This suggests that regardless of which measurement approach is used, observer-dependent variability in the size measurements of pGGNs is not substantial. This is important because size remains the key parameter on which management recommendations for pGGNs are based, 2, 3, 33 and low observer variability of this parameter should be reassuring with regard to its clinical use.
From a clinical perspective, it is of note that 82% of our African American and white patients (41 of 50) were current or former smokers, whereas the proportion of these same smokers was only 17% (one of six) in our Asian patients. This confirms previous observations of different ethnically determined susceptibilities to tobacco smoke and the subsequent development of lung ACs. 34 Our results allow extending this overall observation to pGGNs and also emphasizes that unexpected risk profiles might be associated with pGGNs reflecting ACs, notably in the Asian population.
Our study has several limitations. First, verification bias is inherent to our study design given that only surgically resected pGGNs that were histologically proved to be ACs were included. For the same reason, our nodule sample might have been skewed toward larger, morphologically more conspicuous or aggressively behaving nodules. On the other hand, this study design warranted a pathologically homogeneous sample of nodules. Second, only the results of the CT examination preceding surgical resection was analyzed in this study. Therefore, no longitudinal changes were assessed. Third, our study was based on a retrospective analysis only, thereby making any predictive calculations difficult. However, as a follow-up study, we plan to collect data prospectively for future risk prediction. Fourth, the technical protocols for the CT examinations analyzed were not ideally homogeneous, given that the examinations were performed over a period of more than 10 years with different scanner units that were from different manufacturers and installed in different hospitals. At the time of the CT images acquisitions, however, each individual CT unit was considered to be state-of-the-art. We, therefore, believe that the variability over time in our CT protocols realistically reflects the clinical practice of a large academic medical center with multiple affiliated radiology satellite sites. Fourth, pGGN roundness was determined only on transverse sections. Therefore, the three-dimensional aspects of roundness were not taken into account.
In summary, in ACs manifesting as pGGNs on CT images, CT size correlated with both size and number of histologically invasive foci. Invasive foci can be found in pGGNs smaller than 10 mm, suggesting that the malignant potential of pGGNs smaller than 10 mm should not be lightly discarded. Finally, measuring volume and density of pGGNs provided no advantage over two-dimensional measurements in predicting size and number of invasive foci. Therefore, two-dimensional size measurements of those lesions, as typically performed in daily practice, appear sufficient for clinical risk estimation.
